Background/Aims: We aim to investigate the impact of maternal high fat diet (HFD) on the development and progression of prostate cancer (PCa) in transgenic adenocarcinoma mouse prostate (TRAMP) offspring. Methods: The TRAMP model was used, and divided into maternal HFD group and normal diet (ND) group in the present study. Each group contained 36 TRAMP mice. Serum levels of leptin, adiponectin, interleukin (IL) -1α, IL-1β, IL-6, tumor necrosis factor-α and monocyte chemotactic protein-1 were measured by the 20th, 24th and 28th week old through ProcartaPlex Multiplex Immunoassay. Body fat ratio was measured by MiniQMR. Tumor formation rate was measured through hematoxylin and eosin (H&E) staining, and mortality rate was measured meantime. Western blot was applied to determine the levels of Protein Kinase B (Akt) and Phosphatase and tensin homolog (PTEN). Results: The mortality rate of maternal HFD group was significantly higher than that of ND group (P = 0.046). The tumor formation rate was significantly higher in maternal HFD group than in ND group only in 20th week subgroup (P = 0.040). A significant increase of leptin was seen in maternal HFD 20th and 24th week subgroups (P = 0.001 and <0.001, respectively) and a decrease of adiponectin was seen in maternal HFD 20th and 28th week subgroups (P =0.006 and <0.001, respectively). Besides, an activated phos-Akt (P-Akt) and deactivated PTEN were observed in maternal HFD group. Conclusions: Maternal HFD could increase the standard serum leptin level, inhibit the expression of PTEN protein, promote P-Akt protein expression, activate the PI3K/Akt pathway, and ultimately promote the development and progression of PCa in TRAMP offspring.
Introduction
Prostate cancer (PCa) is one of the most common malignancies among men worldwide and the second leading cause of death due to the cancer among men in the United States [1] . However, the morbidity and mortality of PCa varies in different countries. Epidemiological studies showed that in Asia, including China, Japan, and Korea, the morbidity and mortality of PCa are lower than those in the United States or Europe [1] . Genetic factors such as genetic polymorphisms in androgen receptor and androgen metabolism pathway enzymes might account for 16%-45% of the risk of PCa [2] . Nevertheless, growing evidence showed that lifestyle and diet also played an important role in the development and progression of PCa. High caloric intake, as well as high-fat diet (HFD), was regarded as a major cause of the increasing morbidity and mortality of PCa, especially advanced PCa [3] [4] [5] .
Transgenic adenocarcinoma mouse prostate (TRAMP) animal is one of the most widely used mouse model for PCa, which successfully resembles the natural development and progression process of PCa in human [6] . The TRAMP model is generated using the minimal probasin (PB) -426/+28 regulatory sequence to restrict SV40 early gene (T and t antigens; Tag) expression in the prostatic epithelium [7] . At the age of 10-12 week, prostatic intraepithelial neoplasia (PIN) and few PCa can be detected in TRAMP mice. Invasive prostate adenocarcinoma began to be detected by 18-20 weeks of age. By 30-36 weeks of age, almost all TRAMP mice develop PCa, and some might already metastasize to other organs such as lymph nodes, lungs, and bone [8] . Our former research showed TRAMP mouse was a good in vivo model to study the association between HFD and PCa [9] [10] [11] . We concluded that HFD could promote the development and progression of PCa in TRAMP mice with elevated proinflammatory cytokines levels. Similar findings were also reported in other researches [12] [13] [14] [15] .
Although the relationship between HFD and PCa has been widely studied these years, few studies focused on the influence of maternal factors on its offspring. The Fetal Origins of Adult Disease hypothesis assumes that perinatal environmental factors can affect their offspring, increasing the predisposition to certain diseases that might present during adulthood [16] . Several diseases in offspring including obesity, diabetes mellitus, cardiovascular abnormalities, adult schizophrenia and asthma were identified to be associated with maternal obesity during the gestational period [17] . In murine models, maternal perinatal HFD impairs the quality of female gametes and leads to meiotic aneuploidy, embryonic loss, growth retardation, and brain defects in offspring [18] . For example, offspring from obesityprone rat remained obese even if they were fed by normal diet [19] . Female rat fed with HFD would stimulate the proliferation of prostatic glands in its male offspring [20] . To sum up, it seems that a wide variety of embryonic and adult disorders might be programmed by maternal diet.
Maternal obesity or HFD cause alterations in hypothalamus which controls appetite, metabolism and energy expenditure [17] . The most commonly studied hypothalamic appetite regulators are the robust appetite stimulator neuropeptide Y (NPY) and appetite suppressor proopiomelanocortin (POMC). POMC neurons are potent anorectic regulators that suppress appetite by producing α-melanocyte-stimulating hormone (α-MSH). In contrast, the NPY neurons act as major orexigenic regulators that stimulate appetite and feeding [21] . Leptin, the adipokine which has multifaceted effects on PCa development [22] , is an important cytokine in this programming. Leptin is able to inhibit the NPY neurons and stimulates the activity of the anorexigenic POMC neurons to suppress hunger [23] . Researchers found that the offspring of obese mothers would develop a central leptin resistance in the hypothalamus, resulting in a higher level of serum leptin in the offspring [24] . Besides, recent studies found that maternal HFD activated the Protein Kinase B (Akt) pathway in offspring [17, 20] , which was widely recognized as a regulator of cell growth and survival. Phosphatase and tensin homolog (PTEN), the tumor suppressor, also played an important role in this pathway [25] . It then leads to our curiosity about whether maternal HFD has an impact on the PCa of TRAMP offspring and whether Akt pathway is involved in this process.
Cellular Physiology and Biochemistry

In the present study, we applied TRAMP model, and preliminarily measure the serum levels of adipokines including leptin and adiponectin, by using a highly sensitive multiplex suspension array technology kit (FlowCytomix) and flow cytometry. The serum levels of proinflammatory cytokines including interleukin (IL) -1α, IL-1β, IL-6, tumor necrosis factor (TNF) -α and monocyte chemotactic protein (MCP)-1 were also measured meantime. The levels of Akt and PTEN were determined by Western blot. We aimed to identify their potential effect in the association between maternal HFD and PCa development and progression in TRAMP offspring.
Materials and Methods
Animals and Diets
All animal studies were approved by the Institutional Animal Care and Use Committee from the Huashan Hospital, Fudan University. TRAMP mice (C57BL/6-Tg 8247Ng/J) and C57BL/6 female mice were obtained from Jackson Laboratory (Bar Harbor, Maine, USA). Mice were kept on a 12-hour light/dark cycle with ad libitum access to food and water. TRAMP mice were fed normal diet before they reached the reproductive age. Female mice were divided into two groups, fed with either normal diet or HFD (Table 1) from weaning. Each mouse consumed about 5 grams of food per day in each animal group. Age-matched female mice were mated to age-matched TRAMP mice afterwards. Resulting pups stayed with their mother until weaning. Isolation of mouse-tiptoe DNA and PCR-based screening assay were performed as previously reported [7] . Only TRAMP mice remained and were maintained on normal diet until sacrifice. Each group contained 36 TRAMP mice. Each TRAMP mouse was kept and raised separately to avoid being bitten and attacked by other mice.
Tissue Preparation TRAMP mice from both groups were divided into 3 subgroups, which were planned to be euthanized and sampled on the 20th, 24th, and 28th week, respectively, by asphyxiation of CO 2 . Each subgroup was composed of 12 mice. TRAMP mice were required to fast overnight before sacrifice. The body weight was measured before sampled. Blood was acquired from the portal vein with 1-mL syringe. Blood was centrifuged at 13, 000 rpm for 10 minutes in a refrigerated centrifuge. The serum was transferred to a new eppendorf tube, and kept frozen at −80°C for further study. Mouse prostate was immediately fixed in 10% buffered formalin for H&E staining.
Measurement of Body Fat Ratio
The measurement of body fat ratio of each TRAMP mice was conducted before sacrifice using minispec magnetic resonance analyzer.
Serum Studies
Concentrations (pg/mL) of leptin, adiponectin, IL-1α, IL-1β, IL-6, TNF-α and MCP-1 in serum were measured by ProcartaPlex Multiplex Immunoassay, using a commercial multiplex suspension array technology kit and flow cytometry. A total of 30μl of serum was examined following manufacturer's instructions. MFI from microspheres was acquired with a BD FACSCanto II and analyzed in FlowCytomix Pro2.2.1 software (eBioscience). Concentration of each analyte was obtained by interpolating fluorescence intensity to a 7-point dilution standard curve supplied by the manufacturer.
Prostate Histology Studies
Prostate tissues were fixed in 10% buffered formalin, processed in an alcohol-xylene series, and embedded in paraffin. Sections were cut at 2 μm and stained with H&E. Histological sections were analyzed by pathologists from Department of Pathology, Huashan Hospital, 
Western blot
All TRAMP mice prostates were excised. Bicinchoninic acid (BCA) assays were used to calculate total protein concentrations. Standard western blotting protocol was followed, with acrylamide gels separated for 3 hours at 30 mA. Blots were blocked in 100ml 5% non-fat dry milk solution for 1 hour at room temperature after transfer. Membranes were incubated in primary antibody overnight at 4°C. After washed and incubated with secondary antibody for 2 hours, membranes were treated with electronic chemical luminescence (ECL) and imaging. ImageJ was used to quantify the grey value of each band. Data were normalized to actin loading controls and compared afterwards.
Statistical Analysis
The results were expressed as mean±SD. T-test was used for comparison of cytokine levels between the two groups. Fisher exact test or c 2 -test was used for comparison of categorical variables, including mortality rate and tumor formation rate. Statistical analysis was performed using IBM SPSS 22.0. Statistical significance was considered as p<0.05.
Results
Body Weight and Fat Ratio
We observed higher body weights in offspring in maternal HFD 20th week subgroup (P=0.018) and higher body fat ratio in offspring in maternal HFD 20th week subgroup (P=0.022) and 24th week subgroup (P=0.031). However, the body fat ratio decreased largely in 28th week subgroups in both normal diet and HFD diet TRAMP mice (Table 2 ). According to the pathological results followed, we suggested that the retarded growth of the HFD offspring might due to the cachexia and fat consumption caused by the progression of PCa.
Mortality Rate and Tumor Formation Rate
We observed two deaths of TRAMP mice in normal diet group and nine deaths in maternal HFD group. The mortality rate of maternal HFD group was significantly higher than that of normal diet group (Table 3 , P = 0.046).
Pathological results were also analyzed. Significantly higher percentage of PIN or PCa was observed in maternal HFD group than in normal diet group in 20th week subgroup (Table 4 , P = 0.04). However, in both 24th and 28th week subgroups, the results were similar. 
Leptin, Adiponectin and Proinflammatory Cytokine Levels in TRAMP Mice Blood
The results of leptin and adiponectin level in TRAMP mice serum were shown in Fig. 2 . Fig. 2(a) displayed leptin levels in TRAMP mice. A significant increase of leptin was seen in maternal HFD group of 20th and 24th week of age (P = 0.001 and <0.001, respectively). The leptin level of maternal HFD 28th week subgroup was lower than that of 20th and 24th week subgroups. Fig. 2(b) displayed adiponectin levels in TRAMP mice. A significant decrease of adiponectin was seen in maternal HFD group of 20th and 28th week of age (P =0.006 and <0.001, respectively.). At 24th week of age, TRAMP mice from maternal HFD group also had moderately lower adiponectin than that of TRAMP mice from normal diet group, although without statistical significance (P =0.160).
No difference was observed on the level of IL -1α, IL-1β, IL-6, TNF-α or MCP-1 between normal diet group and maternal HFD group.
Total Akt, phos-Akt (P-Akt) and PTEN Levels in Prostate Tissue
The protein level of Akt, P-Akt and PTEN in the prostate from offspring was investigated by western blot. As shown in Fig. 3 , we observed an increase in P-Akt level and a decrease in PTEN level between normal diet group and maternal HFD group. However, the level of Akt was similar between two groups. 
Discussion
In the present study, we identified a novel risk factor for PCa: maternal HFD. To our knowledge, this is the first study to apply maternal HFD model on TRAMP mice. Our study revealed that the TRAMP offspring of HFD-fed mice sufferred higher tumor formation rate and mortality rate, along with a higher level of leptin and lower level of adiponectin. An obvious increase in mortality rate of maternal HFD group was identified, indicating that maternal HFD might promote PCa progression and lead to poorer prognosis in the offspring. Besides, an earlier tumor formation was also discovered, which implied that maternal HFD might promote PCa development.
Leptin is a versatile 16 kDa polypeptide encoded by the obese (Ob) gene [26] . Leptin is mainly produced in adipose tissues, and also synthesized in other organs and tissues such as stomach, skeletal muscles and mammary epithelium. Long-term exposure to leptin was shown to enhance the growth of three main PCa cell lines (LNCaP, DU145 and PC-3) [27] . Leptin also induces the expression of transforming growth factor β1, basic fibroblast growth factor, and vascular endothelial growth factor (VEGF) in DU145 and PC-3 cells, stimulating cell survival pathways and leading to angiogenesis and proliferation [28] . Stattin et al. showed that leptin receptor could be detected in normal, high-grade PIN lesions and malignant prostatic epithelium. Besides, moderately elevated plasma leptin concentrations are associated with later development of PCa [29] . Chang also reported that leptin may affect the risk of clinically relevant PCa through testosterone and factors related to stature and obesity [30] . Consistently, we found an increase of serum leptin level in both maternal HFD 20th and 24th week subgroups, as compared with normal diet group. In maternal HFD 28th week subgroup, the leptin level was lower than that in maternal HFD 20th and 24th week subgroups. This trend of leptin level was consistent with the alterations in the level of body fat ratio in TRAMP mice. Therefore, we speculated that the decrease of serum leptin in 28th week might due to the constant consumption of adipose tissues in the advanced stage of PCa. The outcome also proved that maternal HFD might promote PCa progression from another perspective.
Adiponectin was found lower in maternal HFD groups in the present study. Adiponectin, a protein produced by adipocytes, was firstly discovered by Scherer in 1995. Various investigations were carried afterwards, showing the direct anti-diabetic, anti-atherogenic and anti-inflammatory properties of adiponectin [31, 32] . Besides, circulating adiponectin levels are lower in several malignancies, including PCa. A meta-analysis concerning the role of circulating adiponectin in PCa found that concentration of adiponectin in cancer patients was significantly lower than in controls. A decreased concentration of adiponectin was associated with a significantly greater risk of PCa [33] . Bub et al. showed that adiponectin was a growth inhibitor in PCa cells [34] . Further findings indicated that endogenous adiponectin functioned as a tumor suppressor through inhibiting epithelial-to-mesenchymal transition of PCa cells [35] . On the other side, some researchers presented negative results, suggesting that adiponectin may not play an important role in promoting clinically aggressive PCa [36, 37] . As mentioned before, the consumption of adipose tissues in advanced PCa, rather than tumor itself, might also cause the decrease of adiponectin. Therefore, it was difficult to make a distinction of these two factors in the clinical trials, which might result in different outcomes in various studies. Further investigations are required to reveal the relationship between adiponectin and PCa.
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway is a major signaling downstream of growth factor receptor tyrosine kinases [38] . The activation of this pathway is critical to the aggressiveness of PCa [25] . In a classical Akt pathway, PI3K is stimulated and convert phosphatidylinositol 4, 5-bisphosphate (PIP2) to phosphatidylinositol (3, 4,5)-triphosphate (PIP3). Akt, which binds to PIP3, is then activated through phosphorylation [39] . On the contrary, PTEN converts PIP3 to PIP2, therefore antagonizing PI3K and inhibiting Akt pathway [25] . Consistently, we observed an increased level of P-Akt and a decreased level of PTEN in maternal HFD group, which indicated that maternal HFD might activate PI3K/ Akt pathway in the offspring, and promoted the development and progression of PCa. It was reported that both leptin and adiponectin participated in PI3K/Akt pathway in different malignancies [40, 41] . However, few studies mentioned these two cytokines with PI3K/Akt pathway in PCa. Our research might provide a novel strategy towards the prevention and treatment of PCa. Several limitations existed in the present study. First, female mice were fed with HFD in their whole life. We didn't solely focus on the gestational period of female mice, from pregnancy to lactation period. Neither did we set subgroups fro these two separated periods. Further researches are warranted to distinguish the role of them in the PCa offspring. Second, the limited significance of adiponectin level in 24th week subgroup might due to the relatively small sample size. Third, the relationship between leptin, adiponectin and PI3k/ Akt pathway was not fully revealed in the study. Investigations on cell biology are needed in the future.
In conclusion, our study indicated that maternal HFD could increase the standard serum leptin level, inhibit the expression of PTEN protein, promote P-Akt protein expression, activate the PI3K / Akt pathway, and ultimately promoted the development and progression of PCa in TRAMP offspring. 
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